
PRACTICAL FLOW
CYTOMETRY

Fourth Edition

HOWARD M. SHAPIRO

@WILEY-LISS
A JOHN WILEY SONS. INC, PUBUCATION

EXHIBIT A

12



V

Copyright O 2003 by John Wiley Sl Sons, [nc. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.

No part of this publication nnay be reproduced, stored in a retrieval system or transmitted in any form or

by any means, cicctrottic, mechanical, phoiocopying. recording, scanning or otherwise, except as

p«rmiUed under Section 107 or 108 of the (976 United Slates Copyright Act, without either the prior

written permission of the Publisher, or authorization ihroujjh payment of the appropriate per-copy fee to

the Copyright Clearance Center. Inc., 222 Rosewood Drive, Oanvcrs. MA 01923. (978) 7 50-8400, ra;^

(978) 750-4470. or on the web at www.copyright.com. Requests to the Publisher for permission should

be addressed to the Permissions Department, John Wiley & Sons, Inc., 1 f I River Street, Hoboken, NJ

07030, (201 ) 748-601 1, fa;t (201) 743-6008. e-mail: pcrmreq(§wiley.com.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efTorts in

preparing this book, they make no representation or warranties with respect to the accuracy or

completeness of the contents of this book and spccincady disclaim any implied warranties of

merchantability or fitness for a particular purpose. No warranty may be created or extended by sales

representatives or written sates materials. The advice and strategics contained herein may not be suitable

for your situation. You should consult with n professional where appropriate. Neither the publisher nor

author shall be liable for any loss of proTrt or any other commercial damages. Including but not limited

to special, incidental, consequential, or other damages.

For general information on our other products and services please contact our Customer Care

Department within the U.S. at 877-762-2974. outside (he U.S. at 3 I 7-572-3993 or fax 3 t 7-572-4O02.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print,

however, may not be available In electronic formal.

Lihrary <rf Congress Cafafoging-ift'Fubitcarion Data:

Shapiro. Howard M. (Howard Maurice). 1941-

Practical flow cytometry / Howard M, Shapiro. — 4th cd.

Includes bibliographical references and index.

ISBN 0-471^1 125-6 (alk. paper)

I . Flow cytometry.

(DNLM: 1. Flow Cytometry. QH 585.5.F56 S529p 2002) J. Title.

QH585.5.F56 S48 2002

571.6 0287—dc2 I 20020029 69

Printed in the United States of America.

10 98765432

13



114 / Praaical Flow Cytometry

and because the energy must be passed through secret Swiss

bank accounts. The associated emission is called phospho-

rescence. Lifetimes for phosphorescence axe much Longer

than for fluorescence, cypicaJly milliseconds to seconds,

thanks to ^hich we have television and watch dials that glow

in the darA. Since the energy difference between T, and the

ground state 5^ is usually smaller than the energy difference

berwccn S, and S,, phpsph.orcscence typically occurs at

longer wavelengths than fluorescence.

Fluorescence PolariLation

I have already mentioned that, in order for absorption to

occur, the E vector of the incident light must be aligned

with the dipolc moment of the absorbing molecule. If the

incident light is linearly po Iarircd. only rho-^e mr>lccvi)c5 r.h?r.

happen to be oriented properly with respect to the plane of

polariracion will absorb light. Since only those molecules

absorb the incident light, only they arc capable of fluores-

cence emission. Like absorption, cmLssion can only occur in

a direction determined by the orientation of the rriolecuic.

Absorption occurs so rapidly (10'" s) that the absorbing

molecules have no time to move during the process. If fluo-

rescence emission occurred as rapidly as absorption* or if the

molecules involved were completely immobilircd, the fluo-

rescence emission occurring following excitation by linearly

polarized light would be linearly polarized, although not

necessarily polarized in the ssimc plane as the exciting light.

By now, we know that "that isn't the way the world works;

fluorescence is going to occur over a period of nanoseconds

following absorption, and it's a cinch that at least some of

the molecules arc going to change their orientations (i.e.,

rotate) before they emit. This means that some fluorescence

depolarization will occur. The more motion there is before

emission, the more depolarization we can expect.

We can make use of this effect to determine the relative

rotational freedom of fluorescent molecules, or the fluidity

of their microenvironmcnt; or, looking at the other side of

che coin, we can determine the extent to which molecular

movement is restricted, or the viscosity of the microenvi-

ronmcnt. This is done by using appropriate polarization

optics, which may be as simple as Polaroid filters in different

orientations, and making measurements of fluorescence in-

tensities polarized in the planes parallel and perpendicular to

the plane of polarization of the excitation. These intensities

are, respectively, denoted by Ig and I^

.

From the intensities, we can compute cither the fluores-

cence polarization, p, as

P = (ll-Ix)/(lD+Ii) .

or die fluorescence emission anisocropy, r, where

r = (I„-Ix)/{I|,+ 2IJ.

Values of both polarization and anisotropy increase as mo-
lecular rotation is increasingly restricted. The use of fluores-

cence polarization and anisotropy measurements to measure

rotational diffusion of molecules in membranes and the cy-

tosol will be discussed further in the chapter on parameters

and probes.

As a general rule, when we are not trying to measure ani-

sotropy or polarization in our cytometcrs, we pay little or no

attention to the degree or direction of polarization of fluo-

rescence. Most of the time, we get away with it. However, an

article published in 2000 by Asbury, Uy, and van den

Engh'^" suggests that polarization effects may represent a

fair-sized skeleton in our cytometric closet.

Since the light emitted by most lasers used as light

sources in cytometry is polarized, both scattered light and

fluorescence emission arc typically polarized to some degree.

This mokes the intcr.iit)' of detected sigriaJ:; more dependen t

on the angle and direction at which they arc detected than

would otherwise be the case. Differences from instrument to

instrument in optical geometry, and in the polarization re-

sponse of optical elements such as lenses, dichroics, and fil-

ters, may therefore lead to othervvi5e inexplicable differences

in the intensities of signals measured from supposedly iden-

tical cells or particles. Further complications may be intro-

duced by the fact that different fluorescent probes exhibit

differing degrees of fluorescence polarization, some intrinsic

to the molecular structure of the probes, and some depend-

ent on binding to macromolcculcs and on other environ-

mental characteristics.

The bottom line for most users is that polarization-

related differences in che response of different instruments

may interfere with the standardization of quantitative fluo-

rescence measurement. The bottom line for those of us who
develop and manufacture instruments is that we need to

determine the nature and extent of those differences, in

hopes of reconciling results from existing systems and im-

proving the design of future systems. A simple solution was

suggested by Asbury, LTy, and van den Engh; placing a

polarizer at the so-called "magic angle" (54.7** for linearly

polarized source emission) in the light path of each fluores-

cence detector removes the dependence of intensity meas-

urements on polarization, with only a modest loss of overall

signal intensity.

?

Stimulated Emission

One of the stranger things photons can do is make more
photons just like themselves. I don't mean from nothing;

there has to be some energy input to start with, but it's stilf"

pretty remarkable. It took Einstein to figure it out. We al-

ready know that a photon is likely to be absorbed by a moie-
cuic if the energy difference between the molecule's groimd
and excited states is equal to the energy of the photon. It

turns out that just having photons of that energy around also

increases che likelihood that molecules already excited will

emit identical photons.

That, of course, is the catch. In general, when we're talk-

ing electronic excitation, there are a lot fewer excited mole-
cules than molecules in the ground stare, as our exercises
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